OBJECTIVE: Three-dimensional ultrasound (3D-US) offers new perspectives in cerebral imaging. STUDY DESIGN: This prospective study aimed to determine whether 3D-US is appropriate to assess cortical development of the premature brain, and compare it to previously established reference values assessed by magnetic resonance imaging (MRI). Preterm infants with a gestational age (GA) of o32 weeks were examined by serial 3D-US scans. RESULT: Data of 30 patients with normal neurological development at the age of 5 years were included in the analysis. Cortical development was graded according to a five-point scoring system, and data were stratified into 6 age groups. Cortical developmental scores were established for various brain regions. In the frontal and frontoparietal regions, 3D-US reference values differed from published MRI reference values, but were consistent with the published data in all other regions. CONCLUSION: 3D-US reference values facilitate routine diagnostics and enable the evaluation of cortical development in preterm infants.
INTRODUCTION
Growth and maturation of the premature brain is a key issue during the 1st weeks of life. Maturation is influenced by various factors, and it is a challenge for the neonatologist to prevent brain injury on the one hand and to establish optimal brain development on the other hand.
So far scanning the premature brain with two-dimensional (2D)-US is the standard tool at the patient's bedside in the neonatal intensive care units. Extensive studies have demonstrated the usefulness of serial cerebral US in detecting cerebral lesions and predicting neurological outcome in preterm infants. [1] [2] [3] [4] Within the last years magnetic resonance imaging (MRI) is increasingly used to detect cerebral lesions in preterm infants and their correlation to neurological development. 5, 6 However, MRI bears not only a financial burden but also other expenses like limited availability, need of transportation and sometimes sedation in order to achieve high quality scans. Therefore, MRI is currently not a routine diagnostic tool in the early life of a preterm infant.
The development of a computer assisted 3D device offers new perspectives for assessment during routine sonographic investigation. 7 Three-dimensional ultrasound (3D-US) allows imaging in many arbitrary planes, including the three classical orthogonal planes, and holds the potential to become an interesting adjunct to neurosonography 8 -especially considering the assessment of cortical development. During premature life, brain maturation occurs on a microscopic level (that is migration, organization of cortical layers) as well as on a macroscopic level by folding of the cortex. 9 Although the appearance of cortical development has been described intrauterinely 10 and extrauterinely, 6, 9, [11] [12] [13] large data sets and data of proven normally developed infants are still lacking. The cortical development of premature infants shows regional distinctions (in comparison with term-born infants) especially within the frontal and temporal regions, 11, 12 which develop at the end of the maturation process. This would be consistent with the concept that regions, which are more immature at birth could be the ones most affected by preterm birth. 14 Reference values for age-adequate cortical development (gyration and sulcation) in preterm infants above 32 weeks gestational age (GA) are described by van der Knaap et al. 13 with MRI technology. The described score takes advantage of the fact that gyri become taller and narrower during development. The score reflects the relationship between the height and the width of the gyrus and sulcus, and has the benefit of rapid assessment in the clinical setting. Recently Pistorius and co-workers presented a cohort of 28 fetuses-assessed by the same score-and by 2D-and 3D-US in utero, presenting similar data for cortical development.
cortical development with 3D-US, to expand reference values to younger GA groups (o32 weeks) and only to include data from infants with proven normal long-term neurological development to present proven 'normal' reference values.
METHODS
All infants born (between July 1998 and January 2000) with a GAo32 weeks and/or a birth weight o1500 g were prospectively included into the study after parental consent was obtained. Only the data of infants with normal neurological development at the age of 5 years were included into final analysis. The study was approved by the local ethics committee.
Demographic data included GA, birth weight and sex. GA was determined according to antenatal US scans.
3D-US imaging
Serial 3D-US scans through the anterior fontanel were performed, starting within the infants 1st week of life. Further scans were conducted once a week until term age and again at 6 weeks and 3 months corrected age. Exclusion criteria were major birth defects, cerebral malformation, higher grades (42) of intraventricular hemorrhage (according to the classification of Papile et al. 15 and periventricular leukomalacia (PVL)X grade 2 (defined according to deVries et al. 16 ), cerebral infarction, meningitis or absence of parental consent. All infants were scanned in middle-head position and scans were assessed by two of the investigators. A neonatal Voluson transducer (S-VNA5-8B, 5 to 8 MHz; Voluson 530D, Kretz-Technik, Zipf, Austria) with a center frequency of 6.5 MHz and a switchable angle from 511 to 1491 was used for scanning. After the field-of-interest was targeted with a volume box in the normal 2D scan, a volume scan was activated, causing the transducer automatically to sweep 901 within 4 s in the normal velocity mode. With this volume scan, the data set from a pyramid-shaped tissue volume was acquired. 7 The monitor then shows three orthogonal planes (longitudinal, transverse and coronal) (see Figure 1) . Each of these planes can be moved within the volume block for detailed analysis, either by parallel shifting or by rotating around any of the three spatial axes. Furthermore, 3D reconstructions can be calculated from the data set, which takes B20 to 30 s. The complete data set was stored on optomagnetic disks for further analysis.
Postprocessing of 3D-US
For the assessment of cortical development gyration and sulcation, the following cerebral surface areas were evaluated separately: (according to van der Knaap:
F ¼ frontal ¼ frontal lobe minus the area of the central sulcus (that is, frontobasal and frontopolar area); FP ¼ frontoparietal ¼ area of the central sulcus; P ¼ parietal ¼ parietal lobe minus the area of the central sulcus; O ¼ occipital ¼ occipital lobe and medial area T ¼ temporal ¼ temporal lobe (posterior and anterior part) Cortical development was graded according to a five-point scoring system (see Table 1 and Figure 2 ).
Only the ratio of gyral width to sulcal depth according to the above mentioned classification was evaluated for scoring. The number of gyri and sulci was not used as a criterion for scoring.
To obtain age related data, 3D-US scan data were stratified into 6 groups (see table 2) according to the age when scans were acquired. GA at birth and postnatal age at the time of the US scan were added and given as 'corrected age'.
Scoring was performed separately for each brain region and for each age group. If more than one measurement was available within an age group, measurements were pooled and averaged. Furthermore, the measurements of both brain hemispheres were matched and averaged to one score per region.
Confirmation of normal neurological development
Neurological development was assessed at 5 years of age by Kaufmann's Assessment Battery for Children (K-ABC) 17 and Beery-Buktenica Developmental Test of Visual-Motor Integration (VMI) 18 performed by an experienced developmental psychologist and pediatrician. Figure 1 . 3D-US picture. With 3D volume scan a data set from a pyramid-shaped tissue volume is acquired and the monitor then shows three orthogonal planes (longitudinal, transverse and coronal), which can be moved within the volume block for detailed analysis, either by parallel shifting or by rotating around any of the three spatial axes. Table 1 . Scoring system of cortical development.
Score 1
surface is smooth without gyri and sulci or, at most, some undulation of the cortical surface is seen Score 2 sulci have the form A or B (see Figure 1) , and the width of the gyri is greater than or equal to the depth of the sulci Score 3 sulci have the form C (see Figure 1) , and the width of the gyri is equal to the depth of the sulci Score 4
sulci have the form D (see Figure 1) , and the width of the gyri is less than the depth of the sulci Score 5 gyri and sulci are branched Figure 2 . A þ B, the width of the gyrus is greater than or equal to the depth of the sulcus; C, the width of the gyrus is equal to the depth of the sulcus; D, the width of the gyrus is less than the depth of the sulcus; G, width of the gyrus; S, depth of the sulcus.
K-ABC and VMI were considered normal when above 85 (within 1 s.d. variance). 'Impaired' outcome was given as a summed score, and was defined as one or more of the following: cerebral palsy, neurosensory impairment, and developmental index more than 1 standard variation below reference values (o85).
Cerebral palsy was defined as a nonprogressive central nervous system disorder characterized by abnormal muscle tone in at least one extremity and abnormal control of movement or posture. Any form of neurosensory impairment was included (need of glasses/hearing aid, as well as blindness/deafness).
Statistical analysis
Reference values established by 3D-US are given by a numeric score (mean and ranges). Reference values from MRI were taken from a graphic presentation published by van der Knaap et al. 13 To the best of our knowledge, we extrapolated data for maturational scores and ranges. Because of limitations in the graphic presentation, we were not able to calculate s.d. and could obtain only means and ranges. These adapted reference values from MRI were compared with the 3D reference values established within this study.
Statistical analysis was performed using SPSS Statistics Version 17.0 for Windows (SPSS, Chicago, IL, USA).
Classification of the 3D-US scans and assessment of gyral developmental scores was done by two of the authors (KK-S and NH) and intraobserver variability (Cohen's Kappa) was determined.
RESULTS
For this prospective trial a total of 267 infants met birth weight and GA criteria. Of these infants 159 were excluded before study entry (64 for absence of parental consent, 25 for perinatal intraventricular hemorrhage42, 14 for major birth defects and cerebral malformations, 17 were transferred to another hospital before the first US scan could be obtained, 39 died).
Data from 108 infants were included into the study.
During the study period, 24 infants developed intraventricular hemorrhage4grade 2 and/or periventricular leukomalaciaX grade 2. Another seven infants were transferred to other hospitals before definite discharge and could not be reached for neurodevelopmental follow-up. Finally 77 infants remained in the study. Forty-three had follow-up visits at 5 years of age and were tested for neurological development, and 30/43 (70%) infants showed normal neurological development. Table 3 shows demographic characteristics of the study group.
A total of 214 US scans were obtained in 43 infants at six different timepoints (see table 1 ). To provide optimal quality of the data for 'reference values' only the data of infants with normal long-term neurological development ( ¼ 30) were included into final analysis.
Supplementary Table 4 (Supplementary Material) and Figure 3 show data of cortical developmental score assessed by 3D-US in preterm infants with normal neurological development at the age of 5 years compared with adapted reference values assessed by MRI. 13 Especially in frontoparietal regions (within early measurements) and in frontal regions, (within measurements around term age) cortical development score assessed by 3D-US differed mostly from previous given MRI reference values.
Scoring classification of the 3D-US measurements was done by two of the authors and interrater variability was 0.83 (Cohen's Kappa). Postprocessing/scoring classification took approximately 20 min per scan.
DISCUSSION
This prospective study shows, that 3D-US also can be used to evaluate cortical maturation in preterm infants. The results differed in frontal and frontoparietal regions with published reference values established by MRI 13 while mainly correlating in the other regions. Reference values were extended to a younger age group (o32 weeks of gestation) and derived only from infants with normal neurodevelopmental follow-up at the age of 5 years. For the first time reference values origin only from measurements of infants with confirmed normal neurological development.
3D-US-a method to assess brain maturation in very low birth weight infants 3D-US allows imaging in many arbitrary planes including the three classical orthogonal planes and therefor, assessment of cortical development becomes feasible for the first time directly on the neonatal ward. Data acquired with 3D-US can be generated on demand independently from the availability of MRI, and transportation or sedation of the immature patient is not necessary. For the first time reference values for immature infants referring to this method can be provided, which on the one hand facilitate the knowledge of cortical development during preterm Abbreviation: 3D-US, three-dimensional ultrasound. 3D-US scan data were stratified into 6 groups according to the infants' age corrected for prematurity when scans were acquired. Gestational age at birth and postnatal age at the time of the US scan were added and given as 'corrected age' . Abbreviation: n.s., not significant. Demographic characteristics of infants with normal neurological development at 5 years (study group) and infants with impaired neurological delevopment at 5 years. Data are given in n (%) and mean/s.d. Groups were compared with Chi-Quadrat test and differed significantly in birthweight. Values are express as n (%) or mean ( ± s.d.).
Regional cortical development in healthy preterm infants K Klebermass-Schrehof et al age and might facilitate in the future early identification of infants at high risk for neurodevelopmental impairment. Limitations of 3D-US compared with MRI are the dependency of this method on fontanel size (and therefore age) and its limited ability to assess the posterior fossa and high-parietal regions. Within this study assessment of gyral and sulcus width and length was possible within all brain regions up to term age. After term occipital and highly parietal areas could not be assessed in all patients.
Cortical developmental scores In comparison with the historical reference group 13 preterm infants within our cohort showed differences in regional cortical development. These differences occurred most frequently within the frontoparietal regions for measurements before term age and within the frontal regions around term age. However, data of the reference group 13 were generated by MRI and in older infants (above 32 weeks of gestation and even 5 term infants were included). The structural abnormalities found within the frontal and frontoparietal regions were occurring more frequently in measurements before term age, and were diminishing again after term. When comparing our postnatally assessed data from preterm infants to recently published data of fetuses in uteroassessed by the same score 10 we also find a delay, in cortical development within the frontal regions. It is known from postmortem studies that many gyri become well defined within 26 to 28 weeks of gestation within a relatively short period of time. Thereafter, only few new gyri develop. During the last trimester of gestation the gyri that are already formed become more prominent and more deeply infolded. 13 Gyration and sulcation develops from occipital and parietal to frontal and temporal areas during brain maturation 19 -preterm infants are born within the vulnerable period for especially frontal and temporal cortex development. Therefore, abnormalities within these regions seem to be most likely affected as a sign of cerebral developmental delay, which was also confirmed by other authors.
11,12 Soria-Pastor et al. 20 showed that even preterm infants at low risk showed decreased gray matter volume within the temporal and parietal regions. Gray matter maturation is genetically controlled and well protected, but in preterm birth, it is exposed to several environmental factors that may influence normal development. Data from former studies 20, 21 suggest that the normal growth in cortical surface and complexity might be impeded after preterm birth, even if no white matter abnormality can be found. Preterm birth by itself might be a determining cause of altered cerebral architecture. Gimenez et al. 22 showed that preterm birth influenced secondary sulci formation, but not primary folding, which happens very early and mainly within intrauterine environment. Peterson et al. 23 also noted that brain volume reductions in preterm infants were mainly located within the temporal and frontoparietal regions. These findings are consistent with our data confirming that there is a delay in cortical development, especially within frontal and frontoparietal regions (see Supplementary Table 4 ). But within our study-in contrast to former studies where these alterations correlated to intelligence scores 20, 23 -this was also observed in preterm infants with proven normal long-term neurological outcome. Therefore, we postulate that this might reflect (to a certain limit) 'normality' for infants of this special age group. However, as neurodevelopmental outcome was done not covering the full range of neuropsychological domains (for example, memory, executive functions, behavior problems and motor skills were only tested to a limited extent) and only up to school age, the differences found in frontal and frontoparietal regions might be related to (perhaps undetected) impairments later on and this should imply further testing of these infants.
Data from normal neurological outcome In the present study we analyzed scans of premature infants with a GA from 23 to 32 weeks at birth. Within frontal and frontoparietal regions, data were at variance with published reference values for MRI. 13 Especially the data generated before and at term varied significantly. These differences might also be caused by data selection: the present study provides reference values taken only from preterm infants with normal neurological development as evidenced by standardised assessment. In contrast, van der Knaap 13 presented no long-term outcome data of the study patients therefore, it remains unclear, if the patients included in the previous study had 'normal' long-term outcome and are reliable to render reference data. From the aspect of physiological brain maturation, the reference data presented in the present study seem to reflect the assessment of 'normal' cortical development in these extremely preterm infants.
Strengths and limitations
The strengths of our study include its prospective design, the inclusion of infants with GAo32 weeks, and the assessment of long-term neurological development. Limitations of this study include the limited sample size and the only small amount of infants available for neurodevelopmental testing at the age of 5 years, which may have introduced a selection bias and limited statistical significance. Also MRI analysis of these infants at term equivalent would have been desirable. It would have provided more information on the development of white and gray matter volume and architecture within these infants. Further data of cortical development in very low birth weight infants assessed with US and MRI and even longer follow-up of infants are warranted, as associations of altered cortical development to neurological outcome might only be notable at or after school age. CONCLUSION 3D-US enables evaluation of regional cortical development in preterm infants. The reference values assessed within this study by 3D-US were comparable with those published for MRI, but differed at frontal and frontoparietal regions and consisted of infants of younger GAs. As our reference values were established only of values of infants with proven normal long-term neurological development, this might reflect 'normal' cortical development in very preterm infants.
